Abstract In this paper, we focus on the reproductive behavior of the cockroach Oxyhaloa deusta. Within the Oxyhaloinae subfamily, mating strategies and glandular areas involved in pheromone production have been studied for several genera belonging to the Nauphoetini and Gromphadorhini tribes. However, this is the first time that courtship and mating behavior have been explored within the genus Oxyhaloa, and in a more general way within the Oxyhaloini tribe. This work, comprising behavioral observations, olfactometric bio-assays and morphological data, highlights unusual behaviors and novelties in potential sex pheromone gland location, in both males (tergite 8) and females (supra-valvular area). Surprisingly, our results also indicate that mate finding is initiated by the female. This is quite remarkable inasmuch as the Oxyhaloinae subfamily is the only cockroach group in which males initiate mate finding by means of a sex pheromone, emitted during the calling posture by extending abdominal tergites. In the Oxyhaloinae subfamily, this occurrence of various reproductive behavioral patterns (including all the mating patterns known at present in Blattaria) in closely-related species is striking, and makes this group a suitable model for studying the changes in mating behavior correlated with the location of sexual glands.
Introduction
In cockroaches, courtship and mating behaviors are characterized by intense chemical communication that relies on the emission of sexual pheromones. Two types of chemical signals, which intervene successively in sexual behavior, can be distinguished: long-range and short-range signals. First, a long-range volatile attractant is emitted by one of the sexual partners (male or female) to elicit orientation of a potential mate. This pheromone emission, aimed at attracting the other sex, is accompanied by characteristic postures defined as calling postures or behaviors (Bell et al. 2007; Gemeno and Schal 2004) . Once the sexual partners contact, short-range chemical signals are then involved. This second type of signals comprises (i) contact or close-range pheromones that are perceived by means of antennal contact, and/ or (ii) tergal secretion by the male of Baphrodisiacs^containing both proteinaceous and volatile compounds Sreng 1979a ). This tergal glandular secretion (Roth 1969; Brossut and Roth 1977 ) is licked by the female (i.e. perceived with the mouth parts) while she mounts the male's back, and helps to maintain both partners in the right position to engage the genitalia.
In cockroaches, depending on the species, it is either the male or the female that initiates mate finding by emitting the long-range sexual attractant. Here, several specific characteristics, such as the type of locomotion, sexual dimorphism, the degree of gregariousness or even the foraging habits, seem to be involved (Gemeno and Schal 2004) . Since the work of McKittrick (1964) , who produced the most widely accepted cockroach taxonomy, it is accepted that three main families contain most cockroach species (4208 species out of 4641 -Beccaloni and Eggleton 2013): Blattidae [Blattoidea] , Ectobiidae and Blaberidae [Blaberoidea] . These three families differ in terms of morphology, physiology and behavior, but this division also appears in chemical communication (Tokro 1984) . Thus, in Blattidae and in Ectobiidae, typically the female attracts males by releasing long-range pheromones from atrial or pygidial glands during the calling posture (Blomquist et al. 2004 ). However, in Blaberidae the pattern is less clear. In some genera, such as Blaberus, Byrsotria [Blaberinae] or Pycnoscelus [Pycnoscelinae] , it is the female that initiates mate finding (Tokro 1984) , while in the Oxyhaloinae subfamily [Blaberidae] , it is the males that release the longrange sex attractant (Sreng 1993) .
Unlike the other cockroach groups, males of the Oxyhaloinae [Blaberidae] produce both the aphrodisiac (from tergal glands) and the sex attractant (from sternal glands) (Sreng 1984) . They adopt characteristic postures to release the long-range sex attractant, by extending their abdomens upward to expose sternal glands that are hidden between sternites in normal position (Sreng 1979b (Sreng , 1984 (Sreng , 1993 . After this first step, which seems to be general for the Oxyhaloinae subfamily, patterns of behavioral sequences during mating differ among species. Thus, three types of behavioral patterns (A, B and C) can be distinguished in Oxyhaloinae species.
In Nauphoeta cinerea [Olivier, 1789] and Leucophea (Rhyparobia) maderae [Fabricius, 1781] (Sreng 1993; Roth and Barth 1967) , after the meeting of the sexual partners, antennal contact with the female stimulates the male to raise his wings, revealing the tergal glands that produce the aphrodisiac. While the female mounts his abdomen to feed or nibble on this tergal secretion, the male attempts copulation. This mating sequence, characterized by male wing-raising and female feeding behavior, corresponds to type A pattern (Sreng 1993) , and is observed in most cockroach species (e.g. Periplaneta Americana [Linnaeus, 1758] , Blattella germanica [Linnaeus, 1767] ) Willis 1952, 1954; Barth 1968; Gemeno and Schal 2004) . There are two other behavioral patterns in which the female does not feed on the male's tergal secretion. In the type B pattern (represented by Jagrehnia madecassa [Saussure, 1891] (Sreng 1993) , and known in Pycnoscelus indicus [Fabricius, 1775] (Roth 1970) ), the male, without raising his wings, mounts the female's back and curves his abdomen under the female's to copulate. Finally, in type C pattern (represented by the wingless genus Gromphadorhina), the male does not mount his partner, but moves back toward the motionless female to copulate end-to-end (Sreng 1993) . It has been suggested that the location of the pheromone glands and the type of mating behavior are closely related (Roth 1969; Sreng 1993 Sreng , 2006 . Indeed, both the production of the signal from the sender and its perception from the receiver, as well as the associated response, need to coevolve, as the stability of the interaction depends on these two processes (Maynard-Smith and Harper 2003) .
In the Oxyhaloinae subfamily, the occurrence of the three reproductive behavioral patterns in very close species is striking, and makes this group a suitable model for studying the changes in mating behavior correlated with the location of sexual glands. The present study focuses on the Oxyhaloinae species, Oxyhaloa deusta [Thunberg, 1784] , that is naturally distributed in southern Africa (Beccaloni 2007) . Little is known about O. deusta, which is typically reared to feed domestic reptiles because of its small size (males ≈12 mm; females ≈18 mm). Both sexes are winged and naturally occur under stones in a variety of vegetation types, mostly in subtropical areas (Picker et al. 2002) . The available information about its behavior and ecology suggests that males may produce a long-distance sex pheromone to attract females (Picker et al. 2002) . This would be congruent with the behavior of the other seven Oxyhaloinae species that have been studied (Sreng 1993) . However, to date, no behavioral observations or tests have been performed to support this affirmation for O. deusta, and in a more general way for the Oxyhaloini tribe (Roth 1971) . Princis (1961) and Roth (1971) separate the Oxyhaloini tribe in a class of its own due to the particular morphology of the male genitalia. As genitalia and copulation evolve together with the communication system (Alexander and Otte 1967; Eberhard 1985 Eberhard , 1991 Eberhard , 2010 Rowe and Arnqvist 2011) , this morphological particularity makes us hypothesize that the Oxyhaloini tribe should have a special place within the Oxyhaloinae subfamily in terms of sexual behavior and location of the sexual glands. In fact, complex co-evolutionary dynamics between males and females can shape genital structures (Ah-King et al. 2014) .
The purpose of this study is to analyse the sexual behavior of O. deusta, i.e. courtship and mating, and to determine the glandular origin of the chemical signals intervening in the different behavioral sequences. The results, comprising (i) behavioral observations, (ii) olfactometric tests, and (iii) morpho-anatomical data, are discussed from an evolutionary point of view in comparison with those obtained from other Oxyhaloinae species (Sreng 1979b (Sreng , 1984 (Sreng , 1993 and, in a more general way, from other cockroach species.
Material and Methods

Insects
The colony of O. deusta was reared in a plastic aquarium (30 × 25 × 20 cm) maintained at a constant temperature of 26°C (±2) and 70% relative humidity under a reversed 12:12 h dark:light regime. Apples, dry cat food and water were provided ad libitum. Adults of both sexes, used for behavioral observations and Y-olfactometer assays, were randomly isolated from the stock colony at last nymphal instars before adult ecdysis. To avoid any mechanical or olfactory stimuli between the sexes, males and females were isolated in cylindrical plastic boxes (7 cm in height × 3 cm in diameter) containing food and water.
Behavioral Observations
All observations were carried out during the first 3 h of the dark period (according to preliminary observations, these first 3 h of the dark period corresponds to peak activity), in a darkroom lit by a photographic red lamp. Observations were performed in a glass aquarium (18x30x20 cm) containing several pairs of virgin insects (between 3 to 5 male-female couples). Only the characteristic sequences were reported, following the main events of the mating behavior in cockroaches: (i) mate finding, (ii) contact, (iii) male release of tergal aphrodisiacs (if occurring), and then (iv) attempt at copulation. Virgin females (1 to 7 days old) and males (7-15 days old) were used.
The behavioral sequences were recorded using a digital Panasonic camera (Lumix FZ150) in order to be able to re-examine the sequences in more detail afterwards.
Attraction Tests
The Y-maze olfactometer consisted in a glass tube (2 cm in diameter) with a 30 cmlong common-arm, dividing into two 20 cm-long choice arms (the angle between the two choice arms was 80°) (Sreng 1990) . Each individual was placed in an adaptation box (6x9x5 cm) at least 2 min before each test. This adaptation box comprised a screen door that could be raised to allow entry into the common arm at the starting point BO^. Hence, each individual was allowed to move into the common-arm, turning either right or left to reach the arrival points BA^or BB^.
In order to test the response of males to female odors 3 types of experiments were performed. First, a control test was performed with ambient-air flux (1200 ml/min) emanating from the arrival points BA^and BB^(air-pump EHEIM 400, GmbH & Co KG, Germany). This control test was designed to assess trends for a potential turning phenomenon and to compensate this phenomenon if it occurred (Sreng 1990) .
Then, a test was performed with ambient-air flux emanating from point BA^(as in control test), while the air flux emanating from point BB^was passing through a plastic box (i.e. stimulus-box) containing 4 virgin females (0-6 days old). As we did not know the condition of pheromone release, we used these virgin females as a Bstimulus association^. Finally, another test was performed under the same conditions as previously, except that 1 virgin female was forced to open her genitalia. This female was wrapped in a piece of sponge to minimize wounds and then slightly squeezed with a paper clip.
The control test was performed on 21 males of O.deusta and the two other tests were each performed on 42 males of O.deusta (5-10 days old). Each individual test was run for a maximum of 5 min from the starting point BO^. If a male chose one of the olfactometer arms in less than 5 min, he was considered to have made a choice. After every 5 responding individuals, the olfactometer was cleaned with 90% ethanol to prevent contamination by pheromones or chemicals.
Following the same procedure, we performed 3 additional experiments to test the response of females to male odors (using 20 virgin females 0-5 days old): a control test, a test with 3 males in the stimulus-box and a test with a squeezed male (forcing him to extend tergite 8).
Each responding individual was used only once in the various experiments. Moreover, the set of individuals used as stimulus (4 virgin females in the first experiment, 2 virgin males in the second experiment) was refreshed with a new set of individuals after 5 runs of responding individuals. After these attraction tests, all insects were freed. χ 2 tests were used to evaluate whether the results differed from a 50/50 distribution between the two olfactometer arms (*P < 0.05, **P < 0.01, ***P < 0.001, n.s.: P > 0.05).
Localization and Morphology of Glands Producing Sexual Pheromones
All the individuals dissected for this study were previously anaesthetized with carbon dioxide and then were instantly decapitated with fine scissors.
Light Microscopy
The male and female abdominal tergites and sternites were dissected longitudinally along pleural membranes, freed of underlying tissues, and treated in a 10% NaOH solution. For the female genital area, external genitalia were exposed by cutting the pleural membrane of segment VII and pulling down sternite VII and treated in NaOH solution as above. After several rinses in water and dehydration in alcohol, the specimens were slide-mounted in Canada balsam medium to be examined under a light microscope (Nikon-SMZ80) coupled with a camera (Nikon digital sight DS-Fi1). The glandular zones were determined according to the density of glandular orifices in the area of each tergite, sternite or genital area.
Scanning Electron Microscopy
The body parts bearing glands were dissected for both male and female O. deusta. The samples were rinsed with a detergent (Briochin®) in order to rid them of an eventual fatty coating and then dehydrated in alcohol. For internal surface observation, the male's tergite 8 was treated with 10% NaOH for 1 h to remove underlying tissues, rinsed several times with distilled water and dehydrated in alcohol. A layer of gold was deposited by sublimation. Following this gold-coating, tissues were examined using scanning electron microscope (Philips XL 30 ESEM).
Histology
The techniques used were those described in Gabe (1968) . Adult abdominal tergites and sternites bearing glands of males and females were fixed in Bouin's liquid fixation. After dehydration and paraffin embedding, the abdominal preparations were sectioned at 7 μm and stained with hematoxylin and eosin.
Results
Mating Behavior
Female Calling Behavior
In the box where O. deusta was reared, males were observed courting newly emerged adult females, or even older females during parturition. In fact, in both of these processes, the female assumed a particular posture in which the terminal abdominal segments were partially open, indicating that something instantaneously excited males when a female exposed her genital region.
This hypothesis was supported by behavioral observations under controlled conditions. First, when virgin females were placed in the aquarium with virgin males, the young males became instantly sexually excited (in less than 1 s). This revealed that some volatile compounds could elicit a response of the males, even before the partners physically contacted. Moreover, three females were also observed adopting a characteristic calling posture probably associated to the process of releasing pheromones ( Fig. 1) . A female in this calling posture extended her hind legs, and alternated between two positions in less than 1 s: (i) the abdomen was raised and extended above the ground (Fig. 1a) , then (ii) the abdomen was lowered and compressed while she slightly raised her wings (Fig. 1b) . This sequence of movements can be carried out once or repeated several times.
Courtship and Copulation
A sexually excited male immediately started courting by running closely behind the female (Fig. 2a) while he was periodically curving his abdomen towards her head (Fig. 2b) , and more specifically in the direction of her antennae. This particular Fig. 1 A female Oxyhaloa deusta performing the potential calling posture: (a) she raises and extends her abdomen above the ground and then (b) she lowers and compresses her abdomen while the wings are slightly raised movement of curving the abdomen from left to right, while he was following the female, exposed the anterior part of the male's tergite 8 (cf. arrow in Fig. 2b) .
If the female was not receptive, she repelled the suitor by kicking him with her hind legs. In this case, the male could abort courtship, or persist by running behind the female with his antennae placed on each side of her abdomen (as in Fig. 2a ). This part of the courtship may last a long time until the female showed signs of sexual receptivity. Usually the male repeated the entire display several times, before the female accepted the copulation.
If the female was receptive, she paused, with the male staying just behind her, and opened intermittently her terminal abdominal segments exposing her genitalia (cf. arrow in Fig. 2c ). This could incite the male to continue courtship and to attempt copulation. Then, the male extended once again the tip of his abdomen towards the female's antennae (the two partners temporarily being side by side in opposite directions), and, in the same movement, he bent his abdomen beneath that of the female attempting to grasp her genitalia. Finally, both the male and female remained end-toend for 10 to 15 min during the copulation (Fig. 2d) . Another series of photographs (involving an immobile teneral female and thus easier to record in video) is available in supplementary material and shows in more details the last step in which the male grasps the female's genitilia (ESM1).
However, it should be emphasized that these behavioral sequences were recorded in experimental conditions. The longest recorded copulation lasted for 18 min, but all the others were shorter in duration. In the aquarium, the mating partners were generally disturbed by other individuals and seemed to stop the copulation before it was normally terminated. The copulation may take longer in natural conditions. Bioassays (Fig. 3) 
Response of Males to Female Odors
Ninety percent (19/21) of the O. deusta males tested in the olfactometer to perform the control test responded. Of these 19 individuals that responded, 10 males chose one of the Y-arms, while 9 males chose the other. This proportion was not significantly different from the expected 50/50 distribution between the two olfactometer arms (χ 2 1 = 0.04; p = 0.83) highlighting the absence of any trend to turn either to the right or to the left (Fig. 3a) .
Ninety-three percent (39/42) of the males used for the first test responded. Of these 39 individuals, 22 males chose the Y-arm containing females, while 17 males chose the empty arm. This ratio (17/22) was not significantly different from a 50/50 distribution between the two olfactometer arms (χ 2 1 = 0.46; p = 0.57), (Fig. 3b) . Another test was performed in order to assess the attractiveness of females, forcing them to open their terminal abdominal segments. Ninety-three percent (39/42) of the males used for this second test responded. Of these 39 individuals, 32 males chose the Y-arm containing females, while 7 males chose the empty arm. This ratio (7/32) was significantly different from the 50/50 ratio (χ 2 1 = 11.92; p = 0.0008) (Fig. 3c) , and showed that squeezed females were attractive to males.
Response of Females to Male Odors
Eighty-seven percent (17/20) of the O. deusta females tested in the olfactometer to perform the control test responded. Of the 17 individuals that responded, 6 females chose one of the Y-arms, while 11 females chose the other. This proportion was not significantly different from the expected 50/50 distribution between the two olfactometer arms (χ 2 1 = 1.26; p = 0.26), highlighting the absence of any trend to turn either to the right or to the left (Fig. 3d) .
One test was performed in order to assess the attractiveness of males. Only 35% (7/20) of the females used for this test responded. Four of these 7 females chose the Yarm containing the males while 3 females chose the empty arm. This ratio (3/4) was not significantly different from the 50/50 ratio (χ 2 1 = 0.13; p = 0.72) (Fig. 3e) . Finally, one more test was performed to assess the attractiveness of a male, forcing him to expose tergite 8. Of the 16 females that responded (80%), 12 females chose the empty arm, whereas 4 females chose the Y-arm containing the squeezed male. The Chi-2 test revealed that this ratio (12/4) was nearly significantly different from the 50/50 ratio (χ 2 1 = 3.46; p = 0.06), highlighting that the majority of females tested here chose the empty arm (Fig. 3f ) and were not attracted by the squeezed male (which tended to repel them).
Localization and Morphology of Glands Producing Sexual Pheromones
Glands Producing Sexual Pheromones in Males of O. deusta
During courtship, the male clearly exposes to the female antennae a tergal distal abdominal region (Fig. 2b) . Under light microscope, the observation of in toto preparations of males' sternites and tergites reveals a glandular area on the 8th tergite only. No other differentiated glandular area was found elsewhere on males' bodies. The anterior part of T8 exhibits numerous depressions that are overlapped by T7 in normal position (Fig. 4a-c) . On an average-sized male (approximately 1.2 cm), the region bearing depressions approximates 1.50 mm 2 in area (white dashed area on Fig. 4b ). These depressions vary in size (from 1 μm to 25 μm) (Fig. 4d-e) , gathering a varying number of assumed glandular orifices according to depression size (about 1-7 orifices / depression) (Fig. 4f) . This results in differences in density of glandular orifices on T8 (Fig. 4e-f) .
On the internal face of the cuticle, these depressions correspond to sclerotinized dome-like structures from which cuticular canals are emerging (Fig. 4g) . These canals are surrounded by the cuticle as revealed in the longitudinal section through tergites 7 and 8 where they are stained with the same characteristic colour as the cuticle (arrows on Fig. 4h ). They could constitute collecting canals which bring the secretory material outside the insect body, as can be seen on some preparations where the removal of the fatty coating failed (arrows on Fig. 4i ). These cuticular ducts reveal the presence of class-3 glandular cells, i.e. units composed of one secretory cell and one canal cell.
Glands Producing Sexual Pheromones in Females of O. deusta
The courting behavior of the male, running behind the receptive female which exhibits her genital region, indicates that this area in the female abdomen might release chemical signals attracting or exciting the male. ) as illustrated on the schematic drawing (c) (on b the glandular area is highlighted by a white dashed line). SEM images showing the external morphology of the glandular depressions with various magnification factors (×350-4d, ×1000-4e and ×2000-4f), and the corresponding structures on the internal face of the cuticle revealing ducts emerging from dome-like structures (×1200-4 g). On 4e, the arrows indicate three depressions of varying size (corresponding to dome-like structures on the internal face -4 g) into which a varying number of glandular orifices open (three of these orifices are indicated by white arrows on 4f), corresponding to ducts on the internal face -4 g. These ducts, of cuticular nature, as visible on the histological preparation (black arrows) (light microscope image ×600-4 h longitudinal section), are parts of class-3 glandular units which bring the secretory material outside the insect body (SEM image ×650-4i, showing external side of the cuticle with black arrows highlighting secretions)
As it was done previously for males, slides with in-toto preparations from females were examined under a light microscope, looking for glandular orifices. But no evidence of any differentiated glandular region was found on abdominal tergites and sternites of females, even on T10, and no pygidial gland was found.
However, a particular region of approximately 0.80 mm 2 (once unfolded), located between the anus and the three pairs of ovipositor valves (Fig. 5a-c) , exhibits numerous orifices (Fig. 5d) . These assumed glandular orifices are slightly sclerotinized and organized in rosettes which comprise a number of orifices ranging from one to about thirty (Fig. 5e-f) . These rosettes are regularly distributed over the potential glandular zone, resulting in a density of approximately 10,000 orifices for 1 mm 2 . Finally, it is worth noting that under optical microscopy, particular Bnoodle-likeŝ tructures seem to emerge (white arrows on Fig. 5g ) from the numerous orifices (black arrows on Fig. 5g ). These canals are sclerotinized, as revealed by their characteristic tint on the histological preparation (white arrows on Fig. 5h) , and highlight the occurrence of class-3 glandular units.
To refer to this assumed glandular region, never hitherto named (see Snodgrass 1935), we chose the term Bsupra-valvular gland^.
Discussion Initiation of Mate Finding by the Female and Mating Behavior Pattern of a New Type
The Oxyhaloinae subfamily is known as the only cockroach group in which males are the releasers of both the long-range sex attractant (sex pheromone) and the aphrodisiac (Sreng 1984) . In the Oxyhaloinae subfamily, the first identified male sex pheromone was called BSeducin^by Roth and Dateo (1966) and was isolated from sternal glands of N. cinerea (Sreng 1990 ). This type of male sex pheromone, attracting females from a distance, has also been found in seven other Oxyhaloinae species (Sreng 1993) . However, on the basis of our behavioral observations, two hypotheses can be formulated:
(i) unlike the other Oxyhaloinae species (Sreng 1993) , and in contrast to Picker et al.'s (2002) assumption on the male producing a long-range attractant, mate finding seems to be initiated by the female in the species O. deusta; and (ii) the female could attract males in a voluntary way (calling posture) or not (during parturition or moulting).
This attraction of a potential mate by the female is supported by the attraction tests with the Y-maze olfactometer, and is reinforced by the occurrence of a characteristic calling posture in the female O. deusta, potentially associated with pheromone release. Firstly, the orientation of a significant majority of males toward the box containing the squeezed females reveals that mate finding could be mediated by certain chemical compounds emitted by the females, while the presence of males in the stimulus-box does not elicit any particular response from the females (which tend not to move), or even repels them (when the male is squeezed). Secondly, this female sex pheromone seems to be emitted under particular conditions (i.e. when her supra-valvular area is exposed), as revealed by the absence of significant choice difference between Localization and morphology of the potential pheromone source in female Oxyhaloa deusta. Schematic drawings showing the localization of supra-valvular area bearing the potential pheromone glands (5a ventral view, 5b lateral view). Photographs showing the glandular area (white dashed line), located posteriorly between the 3 pairs of valvulae and the anus (SEM image ×94-5c, and light microscope image ×100-5d). On 5d, the orifices organized in rosettes are visible as slight punctuations (black arrows). SEM images showing the external morphology of the glandular orifices (black arrows) with various magnification factors (×1000-5e and ×8000-5f). The microphotograph 5f corresponds to the area highlighted by the white dashed rectangle on 5e. Light microscope images showing the glandular orifices (black arrows) on in-toto preparation (×600-5 g) and the corresponding cuticular ducts (white arrows) on histological preparation (×600-5 h transversal section) olfactometer arms when females are not squeezed, while the attractive squeezed female is forced to adopt a posture similar to the calling posture during which the supravalvular area is exposed. So O. deusta could be the first species in the Oxyhaloinae subfamily in which the female is observed emitting the long-range sexual attractant to which males respond from a distance.
As mentioned above, the exposure of this glandular area can occur in a voluntary way or not. Males of O. deusta were observed courting teneral females just after emergence (see ESM1.). This postemergence attractiveness of females seems common in Blaberidae species and has been previously observed in Diploptera punctata [Eschscholtz, 1822] (Roth and Willis 1955; Stay and Roth 1958) , J. madecassa (Sreng 1993) and Schultesia nitor [Grandcolas, 1991] (Monceau and van Baaren 2012) . In their study, Monceau and van Baaren (2012) allude to the female-like sexappeal characteristic of exuvia products (but see also Roth and Willis 1952; Schal and Bell 1983) . Males of O. deusta were also observed courting older females just after parturition. In both of these processes (moulting and parturition), the female tends to involuntarily expose her supra-valvular area where specialized glands have been found (see below, part 4.2).
Moreover, this is the first time that females of the Oxyhaloinae subfamily have been observed adopting a calling posture in the process of releasing pheromones. This behavior might have been unnoticed to date because it is less visible than in other cockroach groups, such as P. americana (Roth and Willis 1952; Barth 1970) , B. germanica (Liang and Schal 1993) or Parcoblatta lata [Brunner, 1865] (Gemeno et al. 2003) . But, once recognized, the calling behavior of females of O. deusta is quite similar to the characteristic calling behavior reported in other cockroach families (e.g. Willis 1970; Hales and Breed 1983; Schal and Bell 1985; Liang and Schal 1993; Gemeno et al. 2003) . Typically, a calling female extends her hind legs, lifting her abdomen above the ground, and then exposes her genital area. This calling behavior of the female may also have been unnoticed because the male is much more active, and in a more visible way, than the female during courtship. Besides, it is now recognized that studies on mating behaviors and genitalia suffer of strong male bias in a general way (Ah-King et al. 2014) .
Hence, the courtship behavior in O. deusta does not involve either male wingraising, or female mounting to feed on male aphrodisiacs as in type A pattern (Sreng 1993 ). Males do not mount the females either, as in type B pattern. But, even if partners copulate end-to-end as in type C pattern, the way the male twists the tip of his abdomen while following the female recalls in parts the mating behavior of J. madecassa or P. indicus of type B pattern (Roth and Willis 1958; Roth 1970; Sreng 1993) . So, mating behavior in O. deusta seems to represent a new and alternative pattern (neither type A, B, nor C), that does not correspond to Sreng's classification.
The exposure of the male's 8th tergite could serve as an excitatory stimulus acting by olfactory processes (as type C pattern) and seems to be the major key in deviations from Sreng's classification of mating behaviors (Sreng 1993) . This short range Bmutual exchange^or Bmutual appreciation^of volatile chemical messages between the male and the female, potentially mediated by the tergal gland and the supra-valvular gland respectively, recalls the female mounting and feeding behavior of type A behavior pattern (e.g. in B. germanica or R. maderae where tergal secretions are considered as a nuptial gift - Nojima et al. 1999a; Nojima et al. 1999b; Mondet et al. 2008) , or the male mounting of type B pattern (e.g. J. madecassa -Sreng 1993).
So, the change from behavioral patterns of types A and B on one hand, to this new behavioral pattern observed in O. deusta and type C pattern on the other hand, seems to correspond to a shift in chemical communication from contact compounds to more volatile compounds.
In our olfactometric tests, the absence of response of females to male odors is however confusing and worth being discussed. We have no explication for this lack of response, or for the apparent repelling effect of the squeezed male. We could hypothesize the emission of a warning signal by the squeezed male which may explain an inhibition of female responses.
Class-3 Glandular Cells with Unprecedented Locations both in Males and Females
As mentioned above, there is a close relationship between the emission of pheromonal signals from specific glands and the associated behavior, so that courtship and mating behaviors are precious clues to localize the glands producing these pheromones (Sreng 2006) . When the mating behavior corresponds to type A pattern, specialized macroscopic structures, such as tufts of setae, cuticular ridges and fossae, are found on males' abdominal tergites (e.g. B. germanica, Supella longipalpa [Fabricius, 1798] -Roth 1969). In behavior patterns of types B and C, differentiated glandular areas are also found on males' abdomens, but these are less visible and consist of numerous microscopic glandular orifices. This type of microscopic gland is also present in species bearing elaborate cuticular modifications corresponding to type A pattern (Brossut and Roth 1977; Sreng 1984) . In all cases however, the sternal and tergal glands producing male pheromones comprise class-3 gland cells (Noirot and Quennedey 1991; Brossut and Sreng 1980) . In addition, these class-3 gland cells are also found in females' glands producing pheromones (e.g. in Blaberidae species -Sreng 2006; or in Ectobiidae species -Liang and Schal 1993) . In cockroach species in which females emit the sex attractant (assuming the calling posture), pygidial and tergal glands were found in females of several different groups (e.g. Blaberinae, Blattellinae and Blattinae -Sreng 2006).
Hence, in O. deusta, the calling posture in females and the courting behavior in males could indicate the glands' location on the body. Numerous cuticular orifices have been found on the supra-valvular area for females, and on the 8th tergite for males. These cuticular pores, assumed to represent the opening of exocrine glands, are connected to cuticular ducts (Bnoodle-like structures^). The morphology of these glands is in accordance with that of class-3 exocrine glands (Noirot and Quennedey 1974) . In fact, these class-3 glandular units, composed of one secretory cell and one canal cell (Noirot and Quennedey 1974; Sreng and Quennedey 1976) , are found in most cockroaches' exocrine glands, with a great similarity in differentiation mechanisms and maturation processes (Plattner et al. 1972; Porcheron 1973; Quennedey and Brossut 1975; Gupta 1979; Brossut and Sreng 1980; Farine et al. 1989; Tokro et al. 1993; Sreng 1979a Sreng , 1984 Sreng , 1985 Sreng , 1998 Sreng , 2006 . The location of the pheromone production is species-specific in male cockroaches, but with some general trends related to the type of mating behavior. In males of the Oxyhaloinae subfamily, the differences in mating behavior patterns also correspond to differences in the number and the location of glandular areas (Sreng 1993 ). Hence, from type A pattern (Nauphoetini tribe) to type B pattern (J. madecassa), the abdominal glands show a decrease in the number of concerned tergites and sternites (Sreng 1993) . Moreover, in type C pattern, this decrease is even more marked with glandular areas located on the anterior part only of the most posterior tergites and sternites. This is consistent with the tergal gland of males of O. deusta which is located on the anterior part of the 8th tergite only. No glandular area was found elsewhere on males' tergites and sternites, revealing a drastic reduction in the number of segments bearing the glands. This posterior location of males' gland is congruent with the alternative mating pattern of O. deusta. The male can directly orient his glandular area toward the female's head and this way he could estimate her excitatory level by placing his head behind the tip of the female's abdomen.
In females of O. deusta, the potential site of pheromone production is also a novelty. Class-3 cells were found at the abdomen tip, revealed by sclerified orifices organised in rosettes, between the valvulae and the paraprocts. This is the first time that a glandular area has been observed in this zone for a species of the Oxyhaloinae subfamily. We have chosen the term Bsupra-valvular gland^to refer to this female sexual gland. However, this posterior location is still congruent with usual sites of pheromone production in female cockroaches. In fact, the occurrence of glandular areas in the posterior region of the abdomen is general and appears to reach stability in Blaberinae, and probably in Zetoborinae, Epilamprinae and Panesthiinae (Sreng 2006) .
Thus, the location of potential sexual glands in females of O. deusta is both consistent with what is known in other species of cockroaches (posterior location), and unique at the same time (supra-valvular area). This area corresponds to the 9th sternite and represents the most posterior glandular area ever described in an Oxyhaloinae female. Similarly, the occurrence of glands on the 8th tergite only, in males of O. deusta, has never been described in any species of Oxyhaloinae. The arrangement of the sexual glands in both male and female is congruent with the new and unique pattern of mating behavior observed in the O. deusta species, and constitutes the major deviation from usual gland locations in cockroaches. In a general way, these shifts correspond to a marked reduction in the extent of glandular areas, associated with a posterior position on one abdominal segment only. This combination of specific features in O. deusta denotes a strong correlation between changes in the reproductive sequences and evolutionary changes in gland location.
Synthesis and Evolutionary Perspectives
To discuss our results from an evolutionary point of view, O. deusta has to be resituated as belonging to the Oxyhaloini tribe (within the Oxyhaloinae subfamily) (Roth 1971) , but also, in a broader perspective, as a species of the monophyletic clade of the Blaberidae (e.g. Inward et al. 2007; Djernaes et al. 2012; Legendre et al. 2017; Wang et al. 2017) . O. deusta presents interesting divergences, but also shares a number of similarities with several members of these groups.
Some Similarities in the Composition of Sexual Volatiles Related to the Blaberidae Family
All sexual glands in males or females exist in adults only and are differentiated just before emergence, reaching their maturation 3-4 days after the imaginal moult (Sreng 2006) . Thus, the differentiation process of these glands is in close relation to reproduction via the production of sexual pheromones (Sreng 1985 (Sreng , 1998 Sreng et al. 1999) . The BSeducin(
i.e. male sex pheromone in the Oxyhaloinae subfamily) mainly consists of three compounds: acetoin, 2-methylthiazolidine and 4-ethylguaiacol (Roth and Dateo 1966) . Roth and Dateo (1966) noted that extracts from males of Gromphadorhina portentosa [Schaum, 1853] (type C pattern of mating behavior) are highly attractive to females of N. cinerea (type A pattern). This inter-attraction between different species denotes that one or more sex pheromone components may be common to these species. Acetoin seems to be the potential common substance (Sreng 1990 (Sreng , 1993 . The female sex pheromone components involved in male attraction in O. deusta have not been identified yet. In one of our experiments in the dark room illuminated by red photographic light, we mistakenly introduced into the observation aquarium D. punctata males. Surprisingly, the D. punctata males became very excited, quickly courted O. deusta females, and then raised their wings exposing tergal glands to the virgin females. This inter-specific attraction between species with different mating patterns, stresses the question of a common membership vs. evolutionary convergences, with (1) common chemical compounds between the various Oxyhaloinae species, but also (2) between O. deusta and D. punctata which belong to 2 different subfamilies (Oxyhaloinae and Diplopterinae). In the same way that some authors have grouped some Blattinae species in a BPeriplanone group^ (Gemeno and Schal 2004; Persoons et al. 1990; Takegawa and Takahashi 1989; Ho et al. 1992) , we could imagine a kind of BSeducin group^bringing together several subfamilies of the Blaberidae group according to common chemical compounds. Inter-subfamilial relationships within this group are still unresolved (Legendre et al. 2017; Wang et al. 2017 ) and the comparative study of pheromones could possibly bring important insight into Blaberidae phylogenetics. Concerning the occurrence of potential common chemical compounds between O. deusta and D. punctata, the two latter studies offer slightly different perspectives. On one hand, in the topology proposed in the paper of Wang et al. (2017) , the hypothesis of a paraphyly (between Diplopterinae and Oxyhaloinae), and thus of a plesiomophism (with a reversion to a plesiomorphic state in Diplopterinae), is just as parsimonious as that of an evolutionary convergence. On the other hand, in the topology proposed by Legendre et al. (2017) , the hypothesis of a paraphyly is much more probable, with a basal plesiomorphism. But, if the character (i.e. chemical compounds) is not inherited from a common ancestor to Diplopterinae and Oxyhaloinae, this could also be an evolutionary convergence. However, without some additional data on both ancestors and descendants of the concerned taxa, we cannot pronounce on one hypothesis more than the other.
Some Divergences in Behavioral Patterns and Anatomy Related to the Oxyhaloini Tribe
Insect genitalia are known as relevant features in distinguishing species, as well as in assessing their phylogenetic/evolutionary relationships (e.g. Klass 1997; Klass and Meier 2006) . This distinction operates very well in cockroaches (Roth 1971; Princis 1961; McKittrick 1964) . Princis (1961) and Roth (1971) note that the male subgenital plate is an excellent character for distinguishing species of the Oxyhaloinae subfamily. This plate has a laterally directed curved pointed projection posterior to each stylus (Princis 1961) . McKittrick (1964) even suggests that this shape may be the closest to the ancestral type and that all other shapes of subgenital plates in the Blaberidae could be derived from it by differential reduction. On this basis, Roth (1971) shows how this male subgenital plate enables discrimination between the 3 Oxyhaloinae tribes: Oxyhaloini, Nauphoetini and Gromphadorhini. In fact, the internal genitalia of the 8 genera included in his study are basically similar, but the genital hook (R2) offers an interesting distinction. Moreover, this discrimination of the 3 Oxyhaloinae tribes on the basis of the genital hook (R2) (Roth 1971) corresponds to their discrimination according to mating behavior (pattern type) (Roth 1971; Sreng 1993 ) and according to the location and extent of glandular areas (Sreng 1984 (Sreng , 1993 . In the Nauphoetini tribe, with type A mating pattern, the genital hook differs in closeness of the apex to the opposite base, and in the position and the shape of the flange near the base (Gurney 1965) , while in the species J. madecassa, also belonging to the Nauphoetini tribe but with type B pattern, the flange of R2 is nearly absent (Roth 1971) . Within the Gromphadorhini tribe, with type C mating pattern, Roth (1971) found an unusually short R2. Finally, in the Oxyhaloini tribe, this R2 differs from all other genera of Oxyhaloinae. This is particularly consistent with the mating behavior described in our study which differs from the usual classification in types A, B or C of behavior pattern (Sreng 1993) . Indeed, courtship and mating behaviors (which relies on the emission of sexual pheromones by glandular areas) reflect various forms of sexual selection and are known to be evolutionarily correlated with the shape and the complexity of genitalia (Rowe and Arnqvist 2011) . In accordance with this unusual R2, O. deusta also exhibits a different morphology of the glandular areas compared with the other Oxyhaloinae species, which consist of a reduction in the extent of these areas in both males and females.
Conclusion
Our results support the existence of a close connection between sources of pheromone and behavioral sequences during mating. Glands producing pheromones and the associated reproductive behaviors are, like the genitalia, relevant clues to understand the evolutionary changes among cockroach species with different life-histories, and different mating systems, even if some misclassifications on the basis of genitalia are today being revised in the light of molecular analyses (e.g. the case of Anaplecta sp. in Djernaes et al. 2015) .
In the Oxyhaloinae subfamily, the occurrence of the three behavioral patterns (even more so with O. deusta) among closely related species is striking and makes this group a suitable model for understanding evolutionary changes in various characteristics involved in the reproductive sequences. More information is needed concerning the mating type and the sexual abdominal glands (of males and females) within the cockroach species of the Oxyhaloini tribe, as well as on their ecology in natural environment. Very little is known about this tribe within the Oxyhaloinae subfamily. Preliminary results concerning genetic data of O. deusta (Gilles and Sreng, unpublished data) indicate that this species differs from the other Oxyhaloinae tribes (i.e. Nauphoetini and Gromphadorhini), whereas the latest phylogeny of Legendre et al. (2017) recognizes the monophyly of the Oxyhaloinae subfamily. Hence, the potential similarities in terms of chemical compounds between O. deusta and D. punctata confirm it would be of great interest revising the Oxyhaloinae subfamily and the relationships within the Blaberidae family in the light of molecular data coupled with pheromone comparisons. The monophyly of the Blaberidae family is not debated anymore despite the variety of studies that have addressed the issue (e.g. Inward et al. 2007; Ware et al. 2008; Roth et al. 2009; Djernaes et al. 2012; Djernaes et al. 2015; Legendre et al. 2015 Legendre et al. , 2017 Wang et al. 2017) . However, the links between species within this family remain unclear, as well as within the Blaberoidae group (although the monophyletic clade represented by [Blaberidae + Ectobiidae] seems well accepted -Inward et al. 2007; Djernaes et al. 2012; Legendre et al. 2017; Wang et al. 2017 ). The refinement of the phylogeny of this Oxyhaloini tribe within Oxyhaloinae, and more broadly within Blaberidae, appears as a logical continuation of this work. The confrontation of behavioural, pheromonal and morpho-anatomical data, with genetic data would allow a better understanding of evolutionary forces responsible for these different reproductive patterns, as well as a better definition of phylogenetic relationships between species.
